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Abstract 
It remains to be determined whether running training influences the amplitude of lower limb muscle activations 
prior to and during the first half of stance, and whether such changes are associated with joint stiffness regulation 
and usage of stored energy from tendons. Therefore, the aim of this study was to investigate neuromuscular and 
movement adaptations before and during landing in response to running training across a range of speeds. Two 
groups of high mileage (HM; >45 km/wk, n=13) and low mileage (LM; <15 km/wk, n=13) runners ran at four 
speeds (2.5-5.5 m∙s-1) while lower limb mechanics and electromyography of the thigh muscles were collected. 
There were few differences in pre-landing activation levels, but HM runners displayed lower activations of the 
Rectus Femoris, Vastus Medialis and Semitendinosus muscles post-landing, and these differences increased with 
running speed. HM runners also demonstrated higher initial knee stiffness during the impact phase compared to 
LM runners which was associated with an earlier peak knee flexion velocity, and both were relatively unchanged 
by running speed. In contrast, LM runners had higher knee stiffness during the slightly later weight acceptance 
phase and the disparity was amplified with increases in speed. It was concluded that initial knee joint stiffness 
might predominantly be governed by tendon stiffness rather than muscular activations before landing. Estimated 
elastic work about the ankle was found to be higher in the HM runners which might play a role in reducing 
weight acceptance phase muscle activation levels and improve muscle activation efficiency with running 
training.  
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New and noteworthy 
Although neuromuscular factors play a key role during running, the influence of high mileage training on 
neuromuscular function has been poorly studied, especially in relation to running speed. This study is the first to 
demonstrate changes in neuromuscular conditioning with high mileage training, mainly characterised by lower 
thigh muscle activation after touch-down, higher initial knee stiffness and greater estimates of energy return, 
with adaptations being increasingly evident at faster running speeds.
Introduction 1 
Although it is established that neuromuscular factors, such as stretch-shortening behaviour of lower limb 2 
muscles and tendons, play a vital role in the effectiveness of absorption and generation of force during running 3 
(14–16, 47, 63), very few studies have examined the influence of running training on neuromuscular function 4 
during running, particularly across a range of running speeds (6, 12). Previous studies that have examined 5 
neuromuscular adaptations to higher endurance training volumes in cycling have found evidence to suggest that 6 
the movements become more skilled, and this adaptation is characterised by reductions in muscle activation 7 
amplitudes and durations (17, 19, 20). Comparisons between high and low mileage runners (assessed for a single 8 
running speed) have shown that running training was associated with slight decreases in pre-landing muscle 9 
activation levels and reduced activation levels of extensor muscles during the first half of stance (7, 18). 10 
However, most investigations of training effects on neuromuscular function have not involved distance running 11 
and only consider short-term training effects (19). It is likely that the influence of training on neuromuscular 12 
function during running may be more evident when comparing distance runners with a large difference in 13 
training mileage level, and assessing adaptations across a range of running speeds. 14 
A general concept of neuromuscular efficiency has been proposed, where running training is likely to influence 15 
the amplitude of lower limb muscle activation prior to and during the initial phase of ground contact which 16 
augment lower extremity stiffness and the use of stored elastic energy (6, 38). This concept has developed from 17 
the seminal work of Cavagna, Saibene and Margaria (16), who highlighted the important contribution of elastic 18 
recoil energy from stretched tendons and muscles during running. They also highlighted that this mechanism 19 
becomes more useful with increases in running speed (15, 16). In addition, estimates of an increased lower limb 20 
joint work during stance and the storage and release of elastic energy from the lower limb tendons have been 21 
linked to increased physiological efficiency (reduced rate of oxygen consumption or improved economy at a 22 
given speed) during running (65, 78). This association is further supported by improvements in running economy 23 
found after a period of running and strength training in which stiffness (and energy recoil ability) of the Achilles 24 
tendon was increased (2, 26), something that has also been confirmed in inveterate trained endurance runners (4).  25 
Increased pre-landing muscle activation and joint stiffness regulation with training have been found during drop 26 
landing and hopping activities (37, 38). These findings lead to speculation that a similar response is likely to 27 
occur over time with prolonged running training, but the influence of training on pre-landing muscle activation 28 
levels remains to be established. It has also been proposed that simultaneous activation of several muscles acting 29 
about a joint provides joint stability during ground contact and plays an important role in stiffness regulation (9, 30 
38), although such a direct association between joint stiffness and muscle co-activation levels about that joint has 31 
not been widely verified yet.  32 
The rates of knee flexion during ground contact have been shown to be directly associated with running speed (3, 33 
51, 56). In addition, lower limb joint stiffness, in particular stiffness of the knee, has been found to increase 34 
when running faster in order to reduce joint deformations during landing (3, 31, 41). Moreover, lower limb 35 
muscle activation and co-activation levels have both been reported to increase with running speed before initial 36 
ground contact (44, 75), as well as during landing (42, 59, 73). Despite this research attention, the associations 37 
between lower limb muscle pre-landing and post-landing activations, co-activations and joint stiffness setting 38 
across a range of running speeds have yet to be explored from a running training perspective.  39 
Given the importance of the knee joint in running, it was hoped that by examining knee joint stiffness and 40 
muscle activation levels (those muscles that act about the knee joint) across a range of running speeds, the 41 
adaptations of neuromuscular factors due to running training could be closely explored for the first time. The 42 
modulation of thigh muscle pre-activation, co-activation and knee joint stiffness with running speed would also 43 
provide fundamental information on neuromuscular control mechanisms during running. Therefore, this study 44 
investigated muscle (co-)activation before and during landing, as well as knee stiffness and estimated elastic 45 
work during landing between two groups of runners with substantially different levels of running training, over a 46 
range of running speeds. It was hypothesised that runners with a high training volume would 1) show greater 47 
pre-activation of knee joint muscles before touch-down; 2) have associated greater knee stiffness during early 48 
stance; 3) display lower muscle (co-)activation post-landing; 4) demonstrate larger amounts of elastic work 49 
about the ankle and 5) that neuromuscular differences between the high and low mileage running groups would 50 
be greater at higher running speeds.  51 
 52 
Methods 53 
Subjects and protocol 54 
Thirty-seven runners (29 males and 8 females) were recruited to participate in this study. Subjects were healthy 55 
at the time of testing and had no previous history of major injuries of the lower limbs within the last six months. 56 
All subjects had been running for at least six months. Of the 37 runners, 26 were assigned to either a low mileage 57 
(LM; <15 km/wk, n=13), or a high mileage (HM; >45 km/wk, n=13) group, with clear disparity between the two 58 
groups (Fig. 1). The cut-off used for the high mileage group was the same as employed in a previous 59 
investigation (7). In accordance with the Liverpool John Moores University ethics regulations, all subjects 60 
completed an informed consent form prior to data collection. 61 
Prior to debrief of the experimental protocol, each subject did a warm-up of approximately five minutes of 62 
overground running at a self-selected easy pace. Subjects then performed five overground running trials at each 63 
of four running speeds (2.5 m∙s-1, 3.5 m∙s-1, 4.5 m∙s-1 and 5.5 m∙s-1) and one maximal sprint along a 70 metre 64 
indoor runway with a large force platform mounted midway. They started at a self-selected distance from the 65 
force platform which was sufficient (15-20 metres) to get up to the required speed. Runners were asked to 66 
maintain the required speed from 5 m before to 5 m after the force platform. Running speeds were performed in 67 
a different mixed order for every subject, based on a Latin Square design. During the trials, kinematic, kinetic 68 
and EMG data of the right leg were recorded. All subjects wore their regular running shoes, to avoid adaptations 69 
to unfamiliar footwear. 70 
Three-dimensional (3D) kinematic and kinetic data were synchronously collected with an eight camera motion 71 
analysis system (Qqus 300+, Qualisys Inc., Gothenburg, Sweden), in combination with a ground embedded force 72 
platform (90 x 60 cm, 9287B, Kistler Holding AG, Winterthur, Switzerland). Motion and force data were 73 
sampled at 500 Hz and 1500 Hz, respectively. Data were then filtered with a digital dual low-pass Butterworth 74 
filter at 15 Hz for motion, and 60 Hz for force. Running speed during trials was measured and controlled with 75 
timing gates (Brower Timing Systems, Draper, UT, USA) which were placed 3 m apart before and after the force 76 
platform. Only trials within a ± 10% range of the target speed were accepted. Braking and propulsive impulses 77 
from the force data were visually screened to ensure that subjects were not speeding up or slowing down during 78 
the contact period with the force platform. 79 
A retro- reflective marker set was attached to each subject’s right lower extremity and pelvis according to a 80 
previously published convention (55). A static calibration was collected of subjects standing with their feet 81 
approximately shoulder width apart and knees fully extended. This static trial determined local coordinate 82 
systems, the location of joint centres and the foot, shank, thigh and pelvis segment lengths of each subject. All 83 
marker positional data was tracked using Qualisys Track Manager Software (Qualisys Inc., Gothenberg, 84 
Sweden) and exported to Visual3D (C-motion, Germantown, MD, USA) for further processing and analysis. 85 
Lower extremity 3D joint angles and angular velocities and accelerations were calculated using an X-Y-Z Euler 86 
angle rotation sequence. Euler sequence represented flexion/extension, abduction/adduction and axial rotation. 87 
All joint kinematics were decomposed about a joint coordinate system with the distal relative to the proximal 88 
segments (30). Segments inertial properties were based on Dempster data (22) and represented as geometric 89 
volumes (34). 90 
Muscle activation and co-activation 91 
Surface EMG of the Rectus Femoris, Vastus Medialis, Biceps Femoris and Semitendinosus was recorded at 1500 92 
Hz using a wireless Noraxon system (TeleMyo DTS Telemetry system, Noraxon USA Inc., Scottsdale, AZ, 93 
USA). Other authors have found these muscles to play essential roles during landing in running (25, 33, 69, 82). 94 
The EMG system was synchronised with motion and force data. In accordance with SENIAM recommendations, 95 
bipolar Ag/AgCl alloy dual surface electrodes (Noraxon Dual EMG electrode, USA) with a spacing of 2 cm, 96 
were placed on the main bulk of the muscles, parallel to the muscle fibres (35). To reduce skin impedance, each 97 
subject’s skin was shaved, abraded with sandpaper and cleaned with an alcohol swab. Proper placement of the 98 
electrodes was confirmed prior to testing by observing EMG signals as the subjects performed knee extension 99 
(Rectus Femoris, Vastus Medialis) and knee flexion exercises (Biceps Femoris, Semitendinosus).  100 
Raw EMG data were filtered using a digital high- and low-pass Butterworth filters at cut-off frequencies of 20 101 
and 500 Hz respectively, and full-wave rectified. Signals were then smoothed with a moving root mean square 102 
(RMS) window of 50ms, yielding the linear envelope for each muscle. Finally, EMG of the five trials for each 103 
running speed were averaged. All EMG running trial data were normalized to each suject’s peak EMG amplitude 104 
value during a maximal sprint. This normalization procedure was adopted based on previous recommendations, 105 
that showed EMG data normalization to a dynamic sprint was a more reliable and repeatable method compared 106 
to the more commonly used static maximal voluntary contraction (1, 81).  107 
To quantify knee extensor and flexor co-activation (Fig. 2), a co-activation ratio was derived based on the 108 
relative simultaneous activation of quadriceps (Quads = Σ (Rectus Femoris + Vastus Medialis)) and hamstrings 109 
(Hams = Σ (Biceps Femoris + Semitendinosus)), and was calculated as following: 110 
𝐶𝑜 − 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 =  
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The derived co-activation ratio was based on a combination of various co-activation methods used in previous 112 
literature (9, 40, 66, 70, 80), and calculated for each time point between 60ms before landing to PKF. For muscle 113 
co-activation ratios that only describe the simultaneous activation of multiple muscle groups, equal activation of 114 
these muscle groups can be achieved at different magnitudes of activity. When both muscle groups are active for 115 
20% of their maximum for instance, this will result in the same co-activation ratio as when both muscles are 116 
maximally active. The advantage of including the first part of the equation in the co-activation ratio used in this 117 
study compared to other co-activation calculations, is that it takes into account the magnitude of the combined 118 
muscle activations, as well as the relative activation of quadriceps and hamstrings. The first part of the equation 119 
accounts for the magnitude of total muscular activation. The second part of the equation represents the relative 120 
activation of the two muscle groups, and was calculated by dividing the muscle group with the lowest 121 
normalized activation by the muscle group with the highest activation. Hamstrings were taken as the divisor if its 122 
value was greater than the quads (Fig. 2a, grey areas), and vice versa (Fig. 2a, white area). As such, the co-123 
activation ratio always had a value between 0 and 1, with 1 being both equal and maximal activation of 124 
quadriceps and hamstrings. Co-activation ratio, as well as muscle activation of the individual muscles, was 125 
calculated for each trial and then averaged over the five trials for each running speed. 126 
A time window from 60ms before landing to peak knee flexion (PKF) was subdivided into three separate phases. 127 
Since muscle pre-activation has been found to play an important role for landing (66, 68, 82), a pre-landing 128 
phase was defined before initial contact (IC). As described in previous literature, the thigh muscles primarily 129 
turn on around 30-80 ms before landing (54, 60). To include preparatory muscle activity before touch down, as 130 
well as making the pre-landing phase comparable to the other phases during landing, the pre-landing phase was 131 
defined from 60ms before landing to IC. The first half of stance (i.e. IC to PKF) was split up into an initial 132 
impact and weight acceptance phase (Fig. 3) (9, 24, 45, 80). The initial impact phase, during which the first 133 
impact force peak occurs (Fig. 3a), was defined from IC to the timing of PKAV. This phase (which typically 134 
lasts 20-40 ms) is often deemed a ‘passive’ phase since there is little or no opportunity to actively control the 135 
rotations of the body segments other than adjusting the initial conditions of landing and allowing the passive 136 
structures to control the body motion (11). The weight acceptance phase, during which both the vertical ground 137 
reaction force and the knee angular velocity show an obvious change in shape and slope (Fig. 3b), was defined 138 
from the timing of PKAV to PKF at mid-stance. These two distinct phases were used to describe knee joint 139 
stiffness in more detail than the typical measure of stiffness used in the literature (based on the relationship 140 
between of the knee moment and angular displacement), which assumes the landing to be a single phase and 141 
might therefore be an over simplistic approach (Fig. 3c). In addition to stiffness, mean values of thigh muscle 142 
activation and co-activation were calculated for each phase to quantify (co-)activation and compare muscle 143 
activity during the different phases of landing.  144 
Knee kinematic and spatiotemporal characteristics 145 
Kinematic and spatiotemporal knee variables were determined that have previously been associated with running 146 
training (37, 58) and speed (32, 41, 43). Investigated variables included the time the knee started to flex before 147 
IC, knee angle at IC and PKF, knee range of motion between IC and PKF, time to PKF, knee angular velocity at 148 
IC and at PKAV, time from IC to PKAV, knee stiffness, stance time, and knee and ankle joint work. Knee 149 
flexion was defined as positive from the anatomical position.  150 
Knee joint stiffness was defined for the initial impact phase from IC to PKAV (Kknee1), and the weight 151 
acceptance phase from PKAV to PKF (Kknee2). For both phases a knee stiffness was calculated according to a 152 
method similar to what was used by Dutto and Braun (24) and Li, Heiderscheit, Caldwell and Hamill (48): 153 
𝐾𝑘𝑛𝑒𝑒𝑖 =
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where I is the mass of the subject times the thigh length squared (m∙lthigh2), ω the knee angular velocity in rad∙s-1, 155 
θ the knee angle in radians, and ROM the knee range of motion in degrees, for the two phases of landing (i=1,2). 156 
For ω and θ the knee angle was defined as the angle between thigh and shank, with knee flexion being negative. 157 
(Note: working out the units for this formula gives kg∙m2∙s-2∙deg-1. Since kg∙m2∙s-2 is dimensionally equivalent to 158 
Nm according to the SI unit system, joint stiffness is expressed in Nm∙deg-1). Fig. 4 illustrates stiffness for the 159 
initial impact and weight acceptance phase for a typical LM and HM subject trial. With unique stiffness 160 
corresponding to the two different phases during the first half of ground contact (48), the approach used in this 161 
study provides more detailed information regarding knee joint function during running compared to the typical 162 
stiffness measure used in the literature (Fig. 3c). As such, an objective and sensitive individual assessment of 163 
knee joint function can be obtained (49, 77) that permits changes associated with running training to be 164 
identified. 165 
Knee and ankle joint work 166 
Knee and ankle net joint mechanical power in the sagittal plane were calculated using a Newton-Euler inverse 167 
dynamics approach similar to previous studies (65, 71, 79). The joint powers were normalized to body mass 168 
(W∙kg-1) and integrated over the duration of stance to calculate the joint work done (J∙kg-1). All the positive and 169 
negative work was summed independently to determine the amount of total positive (𝑊𝑎
+) and negative work 170 
(𝑊𝑎
−) at the knee and ankle joints. In a previously described detailed model (65), an estimate of elastic work at 171 
the ankle joint was calculated over a stride. In summary, this calculation assumed that all of the energy absorbed 172 
at the ankle during the stance phase occurred elastically and thus allowed us to examine the potential 173 
contribution of elastic energy storage and release. The estimation of elastic work about the ankle joint involved 174 
integrating the ankle power curve of the negative phase (energy absorption) followed by the positive phase 175 
(energy generation). Note the integration was made only on these portions of the joint power curves. It was 176 
assumed that all the negative work about the ankle was equal to the elastic energy storage. The integration of the 177 
ankle joint power curves over the absorption and generation phases allowed an estimation of positive mass-178 
specific muscular work at the ankle joint that could not be provided by elastic work. Therefore the following 179 
equation was used to estimate elastic work about the ankle joint (𝑊𝑒𝑙
+) (65): 180 
𝑊𝑒𝑙
+ = 2 ∙ (∫ 𝑃𝑎
+
𝑡𝑠𝑡2
𝑡𝑠𝑡1
𝑑𝑡 − 𝑊𝑚𝑢𝑠,𝑠𝑡
+  ) 181 
where 𝑊𝑚𝑢𝑠,𝑠𝑡
+  is the positive mass specific muscle work during stance at the ankle, 𝑃𝑎
+𝑑𝑡 is the integrated 182 
positive power over the stance phase. 183 
Statistical analysis 184 
Two-way ANOVAs were performed to determine whether there was a significant main effect for either group or 185 
speed, or an interaction (group∙speed) for all knee angle and angular velocity parameters, knee stiffness, knee 186 
and ankle joint work, and elastic work about the ankle. Muscle activation and co-activation ratio were analysed 187 
using a three-way ANOVA (group∙speed∙phase). If there were significant main effects (P < 0.05) found, a 188 
pairwise comparison with Bonferroni correction post-hoc analyses were performed. If there were significant 189 
group interactions, a series of independent t-tests with Bonferroni correction were used for post-hoc multiple 190 
comparisons (53). Also, partial Eta squared (ηp2) values were calculated and Cohen’s (21) rules of thumb were 191 
applied to determine effect sizes (i.e. 0.01 = small, 0.06 = medium, 0.14 = large). Throughout all analyses, the 192 
significance level was set at α = 0.05 with a 95% confidence interval. All statistical analysis procedures were 193 
performed using SPSS (v23, IBM, SPSS Inc., Chicago, IL, USA). 194 
 195 
Results 196 
Group characteristics 197 
Group mean (± SD) characteristics described in Table 1 showed that the HM group had a significantly higher 198 
maximal sprint speed (P < 0.05), faster 5 km personal best times (P < 0.001), and higher weekly running mileage 199 
(P < 0.001) than the LM runners. However, there were no differences for age, weight, height, thigh length, or 200 
running experience. Furthermore, no differences were observed in running speed between groups across all the 201 
four speeds.  202 
Muscle activation and co-activation 203 
Three-way interactions between muscle (co-)activation, running speed and phase of landing showed LM runners 204 
had significantly more Rectus Femoris, Vastus Medialis, and Semitendinosus (P = 0.001) activity than HM 205 
runners (Fig. 5). In addition, activation of the Rectus Femoris, Vastus Medialis, Biceps Femoris and 206 
Semitendinosus, and co-activation ratio all significantly increased with speed across groups, as well as for both 207 
groups of runners separately (Fig. 6; P < 0.001), with large effect sizes (ηp2 > 0.14). Moreover, muscular activity 208 
of all muscles and co-activation significantly differed between the three phases of landing across both groups of 209 
runners, as well as for the separate LM and HM groups (P < 0.001). 210 
A significant interaction between running mileage and speed was found for Semitendinosus activity (Fig. 7a; P < 211 
0.05). The between mileage group difference increased with increasing running speed, and at 5.5 m∙s-1 the LM 212 
runners had significantly (P < 0.01) higher Semitendinosus activity than HM runners. Similarly, Rectus Femoris 213 
recruitment and co-activation strategies showed substantial differences between the LM and HM group at the 214 
higher speeds (Fig. 7b-c). Rectus Femoris activation increased more in LM runners than HM runners as running 215 
speed increased (Fig. 7b), with a significant difference between groups at 5.5 m∙s-1 (P < 0.05). Moreover, where 216 
thigh muscle co-activation was similar for both groups at lower speeds, LM runners dramatically increased their 217 
co-activation by 44% between 4.5 and 5.5 m∙s-1 (Fig. 5, 6 and 7c). 218 
The interaction between mileage group and activation strategies during the different phases of landing was 219 
similar for both quadriceps muscles (Fig. 5 and 8). Rectus Femoris (Fig. 8a; P = 0.08) and Vastus Medialis (Fig. 220 
8b; P < 0.05) were both more active in LM than HM runners during the landing phases, but not before IC. 221 
There was a significant interaction between running speed and landing phase for Vastus Medialis activity (Fig. 9; 222 
P = 0.002, ηp2 = 0.07), with a significant increase in activation between all four speeds during the pre-landing (P 223 
< 0.001) and initial impact phase (P < 0.05). Especially during the initial impact phase of landing a dramatic 224 
increase of 40% Vastus Medialis activity was found between 2.5 and 5.5 m∙s-1. Unlike initial impact, Vastus 225 
Medialis activity only increased (P < 0.001) by 13% between 2.5 m∙s-1 and 4.5 m∙s-1 during the weight 226 
acceptance phase.  227 
Knee kinematics and spatiotemporal characteristics 228 
A significant interaction between mileage group and running speed was found for stance time (Fig. 10c; P < 229 
0.001), knee range of motion (Fig. 10d; P = 0.007) and knee stiffness Kknee2 (Fig. 10f; P < 0.001). Stance time 230 
significantly decreased with increasing running speed (P < 0.001), and was shorter for the HM compared to LM 231 
runners across all four speeds (Fig. 10c). Although there was no significant main effect of training mileage on 232 
stance time (Table 2; P = 0.056), a large effect size was found (ηp2 = 0.14). Moreover, stance time was 233 
significantly shorter in HM compared to LM runners at 2.5 m∙s-1 (249±25 vs 277±20 ms; P = 0.005) and 3.5 m∙s-234 
1 (214±22 vs 231±16 ms; P < 0.05).  235 
Similarly, knee range of motion over the first half of stance was found to be significantly smaller at 2.5 m∙s-1 236 
(24±4 vs 27±4 deg; P = 0.02) and 3.5 m∙s-1 (25±3 vs 27±3 deg; P < 0.05) in the HM runners (Fig. 10d), despite 237 
there being no significant main group effect. Nevertheless, a significant main effect of running speed was found 238 
(P < 0.001) with a significantly decrease in knee range of motion between 4.5 and 5.5 m∙s-1 (Table 2). 239 
The HM group flexed their knee significantly earlier before IC (Fig. 10a and 11; P = 0.03, =p2 = 0.19), and 240 
reached PKAV significantly sooner during stance (Fig. 10b and 11; P = 0.005, =p2 = 0.28) compared to the LM 241 
group (Table 2).  242 
During the initial impact phase, HM runners adopted a significantly higher knee stiffness than LM runners for all 243 
speeds (Fig. 10e; P < 0.05, ηp2 = 0.15). On average, Kknee1 was found to be 58% higher in better trained runners 244 
(Table 2). In contrast, knee stiffness Kknee2 was significantly lower in HM runners for all four speeds (P < 0.05, 245 
<p2 = 0.37). The difference between both groups significantly increased with running speed (Table 2; P < 0.001). 246 
At 5.5 m∙s-1 the less-trained runners had a weight acceptance stiffness that was 130% higher (153±60 vs 67±32 247 
Nm∙deg-1), compared to HM runners. 248 
In both groups of runners the time the knee started to flex before IC (P = 0.03), as well as the time from IC to 249 
PKF (P < 0.001) became significantly shorter with increasing running speed (Table 2, Fig. 10a and 11). 250 
Moreover, as runners ran faster they significantly increased knee flexion angle at IC, PKF angle, knee angular 251 
velocity at IC, and PKAV (Table 2, Fig. 11; P < 0.001). However, the time from IC to PKAV and Kknee1 were 252 
unaffected by running speed regardless training levels. 253 
Knee and ankle joint work 254 
There were no significant interactions between mileage group and running speed for knee and ankle joint work, 255 
or elastic work. Also no significant differences between mileage groups were found for knee joint work and 256 
positive ankle work during the stance phase (Table 2). However, negative ankle work (Fig. 10g; P = 0.01, =p2 = 257 
0.24) and elastic work about the ankle joint (Fig. 10h; P = 0.005, =p2 = 0.29) were both significantly higher in 258 
HM runners than in LM runners (Table 2). Also, there were significant increases with running speed (P < 0.001) 259 
of positive and negative knee joint work, positive and negative ankle joint work (Fig. 10g), and elastic work 260 
about the ankle joint (Fig. 10h) for both groups of runners.  261 
 262 
Discussion 263 
The primary purpose of this study was to investigate neuromuscular and movement adaptations that occur with 264 
high running training mileage across a range of steady state speeds. It was anticipated that adjustments with 265 
increasing running speed would more clearly discern the influence of running training. This novel investigation 266 
found 1) no differences between the training mileage groups in pre-activation of muscles around the knee joint 267 
prior to IC; 2) HM runners had an increased knee stiffness during the initial impact phase (Kknee1) across all 268 
speeds, but displayed lower knee stiffness during the weight acceptance phase (Kknee2) with increasing mileage 269 
group differences as running speed increased; 3) the HM group demonstrated lower amplitudes of muscle 270 
activation post landing (initial impact and weight acceptance phases) compared to LM runners and these 271 
relatively lower levels were amplified at faster running speeds; 4) after touch-down the HM runners had greater 272 
ankle negative work and estimated elastic work about the ankle across all running speeds. Collectively, these 273 
differences in the HM training group reflect changes in neuromuscular conditioning that were increasingly 274 
evident at faster running speeds. 275 
While the present results (Fig. 5 & 6) support previous findings of greater muscle activation magnitudes around 276 
the thigh with increases in running speed (23, 29, 42, 44, 73), to the authors knowledge this is the first study that 277 
has investigated neuromuscular adaptations between runners of different training mileage background across a 278 
broad range of speeds. The first hypothesis that high training volume would be associated with lower muscle 279 
activation levels of the quadriceps and hamstrings can be partly accepted because three of the four muscles 280 
examined (Rectus Femoris, Vastus Medialis and Semitendinosus) displayed significantly reduced magnitudes in 281 
the HM group for the fastest running speeds (4.5 and 5.5 m∙s-1). The reductions were mainly associated with the 282 
post landing phases (particularly in the quadriceps muscles) with no significant differences in activation levels 283 
found in the pre-landing (or pre-activation) phase. We found two previous studies (5, 27) which examined 284 
neuromuscular activity of shank muscles (i.e. Gastrocnemius and Tibialis Anterior), between runners of different 285 
training mileage background at a single running speed (3.3 and 4.0 m∙s-1, respectively). Both studies reported 286 
reduced activation levels post landing in the HM runners and, similar to our findings, found only small 287 
differences in muscle pre-activation magnitudes prior to landing between mileage groups. However, the present 288 
authors have not found any studies that investigated the influence of training mileage on thigh muscle activation 289 
levels during running.  290 
A key finding of this study was that for the transition from 4.5 m∙s-1 to 5.5 m∙s-1 (the fastest speed examined), the 291 
Rectus Femoris and Semitendinosus, muscle activation levels of the LM grouped runners were substantially 292 
higher than the HM runners when compared to the slower speeds (Fig. 5 & 7). In addition, we also observed a 293 
large 44% increase in muscle co-activation in the LM group from 4.5 to 5.5 m∙s-1 (Fig. 6e & 7c). It is plausible 294 
that the greater muscle activation levels found in the LM group relative to the HM group are partly due to the 295 
novelty of the task, as this group of runners might have been less familiar with running at high speeds. Since 296 
muscular activity is gradually decreased and modulated with learning over time due to continued practice, 297 
unfamiliarity of a task could lead to greater muscle activity and associated co-activations levels (61, 76). 298 
Furthermore, for some tasks, large increases in muscle co-activation might be related to the need to generate high 299 
joint impedance (the combined influence of stiffness, viscosity and inertia aspects) control (57). Previous studies, 300 
that examined the control of lower limb joint stability during unfamiliar tasks, have suggested that the central 301 
nervous system increases joint stiffness along with muscle co-activation in the direction of the instability (13, 302 
27). The observed sudden increases in both muscle co-activation and knee stiffness during the weight acceptance 303 
phase (Kknee2) in the LM group during running at 5.5 m∙s-1, may be a protective mechanism to stabilise an 304 
unstable knee joint, via impedance control (27) and may thus be metabolically more costly in muscle activation 305 
terms (28). However, the LM runners in this study were very likely not in the situation where joint instability 306 
was perceived and therefore there may not have been sufficient stimulus for such a protective response strategy 307 
(even at the fastest running speed of 5.5 m∙s-1). The muscle co-activation levels closely mimicked the speed-308 
related changes in joint stiffness across all running speeds, which is most clearly demonstrated by the sudden 309 
increase of both co-activation levels and joint stiffness Kknee2 in the transition from 4.5 to 5.5 m∙s-1 for the LM 310 
group (Fig. 6, 7c & 10f). These very similar changes with running speed in knee joint stiffness during weight 311 
acceptance and muscle co-activation about the knee provide some clear evidence to suggest that these two 312 
factors are very closely associated (a link that is not that well established or accepted in the literature). 313 
Although we did not directly measure elastic work of muscle-tendon units (MTUs) about the ankle and work in 314 
the in-series muscles, another plausible explanation for the relatively decreased activation levels of the Rectus 315 
Femoris,Vastus Medialis and Semitendinosus muscles during the weight acceptance phase for the HM group 316 
could be due to a greater storage and release of elastic strain energy about the ankle. Biewener (10) in his 317 
comparative observations across several animal species (including humans), proposed a working proximo-distal 318 
gradient theory which suggests that the longer fibered, proximal segment muscles act as a modulator of limb 319 
work, while the short-fibered distal limb muscles with longer tendons are designed for efficient force generation 320 
and facilitate the recovery of elastic tendon energy. A typical observation in this study, that could be aligned to 321 
this theory, was that the proximal leg segment (i.e. the thigh) orientation remains relatively unchanged during the 322 
landing phases of stance, while the majority of the rapid knee joint motion is the result of changes in orientation 323 
of the more distal segments of the lower limb (i.e. the shank) and angular motion about the ankle. The observed 324 
rapid motion occurring at the ankle (as shown in Fig. 3d) during the impact phase of landing may be associated 325 
with significant tendon stretch, particularly the Achilles tendon. Another finding in this study was that the 326 
duration of the initial impact phase was not altered with running speed within a specific group of runners (Fig. 327 
10b & 11). This might indicate a predominantly structural basis for the duration of that phase (e.g. stiffness of 328 
the Achilles tendon) which should be explored in future work. Elastic recoil of the tendon could possibly modify 329 
the time course of muscle activation in the proximal segments during the slightly later weight acceptance phase 330 
in HM runners and perhaps reduce muscle activation levels during that phase (as indicated above). Based on 331 
dynamic muscle-tendon studies on animals, Roberts (63) indicated that rapid joint flexion immediately after 332 
landing during locomotion is associated with little change in muscle fibre length but is facilitated rather by 333 
tendon stretch. Other studies that have examined limb muscle-tendon behaviour with in vivo measurements of 334 
medial Gastrocnemius and Soleus muscles during the first half of stance for human running have shown that 335 
tendon stretch accounts for the majority of the MTU length change (46, 50). It has been shown that despite 336 
increases in length of the Soleus MTU with running speed, the length of the Soleus muscle fascicles changed 337 
very little (46). 338 
 The present results showed that the HM group had substantially higher ankle negative work (Fig. 10g) along 339 
with greater elastic work about the ankle across all running speeds. These findings are similar to previous studies 340 
that have examined joint work with increasing running speeds (71, 72). There were no differences in knee joint 341 
work and ankle positive work, but we observed greater negative ankle work and elastic work about the ankle in 342 
the HM runners. In the early work of Cavagna (14), he proposed that with increasing running speed the work 343 
done by the contractile component decreases progressively due to i) a relatively larger length change taken up by 344 
the tendon during the stretch and ii) a decrease in force with the velocity of shortening. Interestingly, other 345 
modelling studies found with increasing running speed a greater contribution of positive work was provided by 346 
the tendon rather than the contractile machinery of the Soleus and Gastrocnemius (47, 78). Our results indeed 347 
clearly demonstrate that the contribution of elastic work about the ankle is greater in response to HM endurance 348 
training. As pointed out above, this enhancement in utilisation of elastic recoil energy about the ankle may be 349 
related to lower muscle activation levels of the HM runners, since the demand to use muscle contractile 350 
characteristics for positive work during stance was likely reduced. Despite the fact that increased muscle work 351 
has been found to be correlated to greater EMG activation (muscle shortening) during increased incline running 352 
(64), the proxy of using muscle activation for muscle work is equivocal when considering isometric contractile 353 
muscle behaviour. Given that isometric muscle contraction performs no work (36) and due to the inability to 354 
measure proximal muscle forces directly (10), future research is warranted to explore and understand the in vivo 355 
relationship between joint work and the in-series muscles of the distal segments, and the contribution of muscle 356 
activations and work about the thigh segment.  357 
The present study found knee angular displacements and velocities at touch-down, and peak values during stance 358 
that resembled those in the literature (56). The knee was flexing at the instant of landing for both groups but it 359 
began earlier prior to landing in the HM group across all speeds. A similar, early preparatory knee flexion prior 360 
to landing was also reported by Horita, Komi, Nicol and Kyröläinen (38) who showed that good drop jump 361 
performances had this movement pattern but not the low performance jumps. Moreover, these authors explained 362 
that this early knee preparatory flexion prior to ground contact was associated with high initial knee stiffness 363 
after landing. In accordance, the present results also reported increased initial knee stiffness (Kknee1) in the HM 364 
runners. Furthermore, this increase in initial knee stiffness along with knee flexion timing before IC was not 365 
influenced by speed. Although the knee angle at IC was similar between mileage groups, with the HM runners 366 
flexing the knee earlier prior to IC, joint dynamics (flexion angular velocity and flexion angular acceleration) at 367 
IC tended to be increased with the HM group during running at the two fastest running speeds. The curves 368 
illustrated in Fig. 11 clearly show that the HM group displayed rapid changes in knee angular acceleration (or 369 
increased magnitude of angular jerk) just after IC which is similar across all running speeds. Knee stiffness 370 
during the impact phase (Kknee1) was also minimally influenced by running speed and it is plausible that this 371 
impact phase transient knee motion in the HM group is associated with elevated knee (and perhaps Achilles 372 
tendon) stiffness. It remains to be determined whether these increases in IC joint dynamics and knee angular jerk 373 
just after landing facilitate increased storage of strain energy in the Achilles tendon. To the authors’ knowledge, 374 
the knee movement adaptations as a result of HM training found in this study have not been reported elsewhere. 375 
This may be due to the relatively high quality of the kinematic data collected for this investigation. With the high 376 
sampling rate (500 Hz) of the segment trajectories, more accurate joint angular velocities and accelerations 377 
during the early stance phase of running were obtained, together with greater temporal resolution for the timings 378 
of key variables such as knee flexion onset prior to landing and peak knee flexion velocity just after landing. 379 
Also, segment tracking markers were placed in the middle of the shank and thigh segments rather than at the 380 
knee joint where errors due to soft tissue movement relative to the underlying bone can be excessive (8).  381 
Of the two hamstring muscles investigated, the Semitendinosus appeared to be more sensitive than Biceps 382 
Femoris to the influence of running training. There was a tendency for Semitendinosus activation levels to be 383 
higher during the pre-activation and weight acceptance phases in the LM group whereas few group differences 384 
can be observed with the Biceps Femoris (see Fig. 5 and 6). These Semitendinosus-Biceps Femoris differences 385 
between training groups became larger with increasing running speed, but it is unclear why the Biceps Femoris 386 
activation levels seem to be unaffected by training status. With increasing running speed you would expect the 387 
rate of stretch of the hamstrings to be increased, and Schache, Dorn, Wrigley, Brown and Pandy (73) predicted 388 
using a musculoskeletal model that the eccentric activation and rate of stretch of the Semitendinosus during the 389 
late swing phase of running (just prior to ground contact) was greater than for the Biceps Femoris lateral 390 
hamstring. Other recent work (39), has also provided evidence that the Semitendinosus has increased loading of 391 
its muscle fibres and tendinous tissue compared to the Biceps Femoris during rapid contractions with a flexed 392 
knee. However, these indications of likely differing loading profiles between the two hamstrings muscles, 393 
investigated in this study, remain to be explored in the context of training effects.  394 
A limitation of this study is the cross sectional design. The authors acknowledge that the neuromuscular 395 
adaptations observed in the HM group may not be solely in response to the weekly running mileage but may 396 
include other factors related to their training background (such as training speeds, resistance training, flexibility 397 
and stretching). For example, with previous studies reporting the benefits of resistance and/or plyometric training 398 
to the elastic work of the lower limbs during running (2, 62, 67, 74), it is possible that the HM runners previously 399 
or currently performed other forms of training that contributed to the neuromuscular adaptations observed in the 400 
present study. Given this limitation and lack of knowledge in the area of neuromuscular adaptations to running 401 
training volume, a possible future direction would be to conduct a longitudinal training intervention study that 402 
examined responses following a controlled, well documented programme of running training. Another limitation 403 
of this study is that we did not directly measure in vivo the dynamic function of the lower limb muscle-tendons, 404 
but used an estimation of elastic work based on inverse dynamics of ankle joint work. Although the methods 405 
used in this study provide an overall approximation of the contribution of the elastic work during running, 406 
possible future avenues would be to use advanced imaging techniques such as shear wave imaging that are being 407 
introduced to quantify how the lower extremity tendons behave dynamically during locomotion (52). 408 
 409 
Conclusion 410 
The changes in knee joint motion and neuromuscular behaviour with both running speed and training status 411 
revealed some clear and fundamental associations between knee joint stiffness and muscle co-activation levels 412 
about that joint. We found that high mileage training was associated with changes in neuromuscular conditioning 413 
which was mainly characterised by lower activation of muscles surrounding the knee joint during the weight 414 
acceptance phase, higher initial knee stiffness and greater estimates of elastic energy return about the ankle. 415 
Overall, these neuromuscular adaptations were increasingly evident at the faster running speeds.  416 
 417 
Acknowledgement 418 
The authors would like to acknowledge Carlos González Zingsem for his help during data collection.  419 
References 420 
1.  Albertus-Kajee Y, Tucker R, Derman W, Lamberts RP, Lambert MI. Alternative methods of 421 
normalising EMG during running. J Electromyogr Kinesiol 21: 579–86, 2011. 422 
2.  Albracht K, Arampatzis A. Exercise-induced changes in triceps surae tendon stiffness and muscle 423 
strength affect running economy in humans. Eur J Appl Physiol 113: 1605–1615, 2013. 424 
3.  Arampatzis A, Brüggemann G-P, Metzler V. The effect of speed on leg stiffness and joint kinetics in 425 
human running. J Biomech 32: 1349–1353, 1999. 426 
4.  Arampatzis A, De Monte G, Karamanidis K, Morey-klapsing G, Stafilidis S, Brüggemann G-P. 427 
Influence of the muscle – tendon unit’ s mechanical and morphological properties on running economy. 428 
J Exp Biol 209: 3345–3357, 2006. 429 
5.  Arnold EM, Hamner SR, Seth A, Millard M, Delp SL. How muscle fiber lengths and velocities affect 430 
muscle force generation as humans walk and run at different speeds. J Exp Biol 216: 2150–2160, 2013. 431 
6.  Barnes KR, Kilding AE. Strategies to Improve Running Economy. Sport Med 45: 37–56, 2015. 432 
7.  Baur H, Hirschmüller A, Müller S, Cassel M, Mayer F. Is EMG of the lower leg dependent on 433 
weekly running mileage? Int J Sports Med 33: 53–57, 2012. 434 
8.  Benoit DL, Ramsey DK, Lamontagne M, Xu L, Wretenberg P, Renström P. Effect of skin 435 
movement artifact on knee kinematics during gait and cutting motions measured in vivo. Gait Posture 436 
24: 152–164, 2006. 437 
9.  Besier TF, Lloyd DG, Ackland TR. Muscle Activation Strategies at the Knee. Med Sci Sports Exerc 438 
35: 119–127, 2003. 439 
10.  Biewener AA. Locomotion as an emergent property of muscle contractile dynamics. J Exp Biol 219: 440 
285–294, 2016. 441 
11.  Bobbert MF, Yeadon MR, Nigg BM. Mechanical analysis of the landing phase in heel-toe running. J 442 
Biomech 25: 223–234, 1992. 443 
12.  Bonacci J, Chapman AR, Blanch P, Vicenzino B. Neuromuscular adaptations to training, injury and 444 
passive interventions: Implications for running economy. Sport Med 39: 903–921, 2009. 445 
13.  Burdet E, Osu R, Franklin DW, Milner TE, Kawato M. The central nervous system stabilizes 446 
unstable dynamics by learning optimal impedance. Nature 414: 446–449, 2001. 447 
14.  Cavagna GA. The landing-take-off asymmetry in human running. J Exp Biol 209: 4051–4060, 2006. 448 
15.  Cavagna GA, Kaneko M. Mechanical work and efficiency in level walking and running. J Physiol 268: 449 
467–481, 1977. 450 
16.  Cavagna GA, Saibene FP, Margaria R. Mechanical work in running. J Appl Physiol 19: 249–256, 451 
1964. 452 
17.  Chapman AR, Vicenzino B, Blanch P, Hodges PW. Leg muscle recruitment during cycling is less 453 
developed in triathletes than cyclists despite matched cycling training loads. Exp Brain Res 181: 503–454 
518, 2007. 455 
18.  Chapman AR, Vicenzino B, Blanch P, Hodges PW. Is running less skilled in triathletes than runners 456 
matched for running training history? Med Sci Sports Exerc 40: 557–565, 2008. 457 
19.  Chapman AR, Vicenzino B, Blanch P, Hodges PW. Patterns of leg muscle recruitment vary between 458 
novice and highly trained cyclists. J Electromyogr Kinesiol 18: 359–71, 2008. 459 
20.  Chapman AR, Vicenzino B, Blanch P, Knox JJ, Hodges PW. Leg muscle recruitment in highly 460 
trained cyclists. J Sports Sci 47: 115–24, 2006. 461 
21.  Cohen J. Statistical power analysis for the behavioral sciences. 2nd ed. Hillsdale: Erlbaum, 1988. 462 
22.  Dempster WT. Space requirements of the seated operator: Geometrical, Kinematic, and Mechanical 463 
Aspects of the Body With Special Reference to the Limbs. WADC Tech. Rep. . 464 
23.  Dorn TW, Schache AG, Pandy MG. Muscular strategy shift in human running: dependence of running 465 
speed on hip and ankle muscle performance. J Exp Biol 215: 1944–56, 2012. 466 
24.  Dutto DJ, Braun WA. DOMS-Associated Changes in Ankle and Knee Joint Dynamics during Running. 467 
Med Sci Sports Exerc 36: 560–566, 2004. 468 
25.  Ellis RG, Sumner BJ, Kram R. Muscle contributions to propulsion and braking during walking and 469 
running: Insight from external force perturbations. Gait Posture 40: 594–599, 2014. 470 
26.  Fletcher JR, Esau SP, MacIntosh BR. Changes in tendon stiffness and running economy in highly 471 
trained distance runners. Eur J Appl Physiol 110: 1037–1046, 2010. 472 
27.  Franklin DW, So U, Kawato M, Milner TE. Impedance Control Balances Stability With Metabolically 473 
Costly Muscle Activation. J Neurophysiol 92: 3097–3105, 2004. 474 
28.  Franklin DW, So U, Kawato M, Milner TE. Impedance Control Balances Stability With Metabolically 475 
Costly Muscle Activation. J Neurophysiol 92: 3097–3105, 2004. 476 
29.  Gazendam MGJ, Hof AL. Averaged EMG profiles in jogging and running at different speeds. Gait 477 
Posture 25: 604–614, 2007. 478 
30.  Grood ES, Suntay WJ. A Joint Coordinate System for the Clinical Description of Three-Dimensional 479 
Motions: Application to the Knee. J Biomech Eng 105: 136–144, 1983. 480 
31.  Günther M, Blickhan R. Joint stiffness of the ankle and the knee in running. J Biomech 35: 1459–1474, 481 
2002. 482 
32.  Hagood S, Solomonow M, Baratta R, Zhou BH, D’Ambrosia R. The effect of joint velocity on the 483 
contribution of the antagonist musculature to knee stiffness and laxity. Am J Sports Med 18: 182–187, 484 
1990. 485 
33.  Hamner SR, Seth A, Delp SL. Muscle contributions to propulsion and support during running. J 486 
Biomech 43: 2709–2716, 2010. 487 
34.  Hanavan EP. A mathematical model of the human body. WADC Tech. Rep. AMRL-TR-64-102, Aerosp. 488 
Med. Researsch Lab. Wright-Patterson Air Force Base, OH. . 489 
35.  Hermens HJ, Freriks B, Disselhorst-Klug C, Rau G. Development of recommendations for SEMG 490 
sensors and sensor placement procedures. J Electromyogr Kinesiol 10: 361–374, 2000. 491 
36.  Hill A V. The heat of shortening and the dynamic constants of muscle. In: Proc R Soc Lond B Biol Sci. 492 
1938, p. 136–195. 493 
37.  Hobara H, Kimura K, Omuro K, Gomi K, Muraoka T, Sakamoto M, Kanosue K. Differences in 494 
lower extremity stiffness between endurance-trained athletes and untrained subjects. J Sci Med Sport 13: 495 
106–111, 2010. 496 
38.  Horita T, Komi P V., Nicol C, Kyröläinen H. Interaction between pre-landing activities and stiffness 497 
regulation of the knee joint musculoskeletal system in the drop jump: Implications to performance. Eur J 498 
Appl Physiol 88: 76–84, 2002. 499 
39.  Kellis E. Biceps femoris and semitendinosus tendon/aponeurosis strain during passive and active 500 
(isometric) conditions. J Electromyogr Kinesiol 26: 111–119, 2016. 501 
40.  Kellis E, Arabatzi F, Papadopoulos C. Muscle co-activation around the knee in drop jumping using the 502 
co-contraction index. J Electromyogr Kinesiol 13: 229–238, 2003. 503 
41.  Kuitunen S, Komi P V., Kyröläinen H. Knee and ankle joint stiffness in sprint running. Med Sci Sports 504 
Exerc 34: 166–173, 2002. 505 
42.  Kyröläinen H, Avela J, Komi P V. Changes in muscle activity with increasing running speed. J Sports 506 
Sci 23: 1101–1109, 2005. 507 
43.  Kyröläinen H, Belli A, Komi P V. Biomechanical factors affecting running economy. Med Sci Sports 508 
Exerc 33: 1330–1337, 2001. 509 
44.  Kyrolainen H, Komi P V, Belli A. Changes in Muscle Activity Patterns and Kinetics With Increasing 510 
Running Speed. J Strength Cond Res 13: 400, 1999. 511 
45.  Lafortune MA, Hennig EM, Lake MJ. Dominant role of interface over knee angle for cushioning 512 
impact loading and regulating initial leg stiffness. J Biomech 29: 1523–1529, 1996. 513 
46.  Lai A, Lichtwark GA, Schache AG, Lin Y-C, Brown NAT, Pandy MG. In-vivo behavior of the 514 
human soleus muscle with increasing walking and running speeds. J Appl Physiol 118: 1266–1275, 515 
2015. 516 
47.  Lai A, Schache AG, Lin Y-C, Pandy MG. Tendon elastic strain energy in the human ankle plantar-517 
flexors and its role with increased running speed . J Exp Biol 217: 3159–3168, 2014. 518 
48.  Li L, Heiderscheit BC, Caldwell GE, Hamill J. Knee stiffness measurement during the stance phase of 519 
level running. J Orthop Sports Phys Ther 27: 99, 1998. 520 
49.  Li L, Trapp LM. Knee stiffness measurement during hopping at different frequencies. Med Sci Sport 521 
Exerc 31: S358, 1999. 522 
50.  Lichtwark GA, Bougoulias K, Wilson AM. Muscle fascicle and series elastic element length changes 523 
along the length of the human gastrocnemius during walking and running. J Biomech 40: 157–164, 2007. 524 
51.  Mann RA, Hagy J. Biomechanics of walking, running, and sprinting. Am J Sports Med 8: 345–350, 525 
1980. 526 
52.  Martin J, Keuler EM, Hermus JR, Stiffler MR, Allen MS, Thelen DG. Ultrasonic imaging of in vivo 527 
Achilles tendon stress during walking. In: ASM. 2016, p. 390–391. 528 
53.  Maxwell SE, Delaney HD. Designing Experiments and Analyzing Data: A Model Comparison 529 
Perspective, Volume 1. Lawrence Erlbaum Associates, 2004. 530 
54.  McClay I, Lake MJ, Cavanagh PR. Chapter 6. Muscle Activity in Running. In: Biomechanics of 531 
Distance Running. 1990, p. 165–186. 532 
55.  McClay I, Manal K. Three-dimensional kinetic analysis of running: significance of secondary planes of 533 
motion. Med Sci Sport Exerc 31: 1629–1637, 1999. 534 
56.  Milliron M, Cavanagh PR. Chapter 3. Sagittal Plane Kinematics of the Lower Extremity During 535 
Distance Running. In: Biomechanics of Distance Running. 1990, p. 65–105. 536 
57.  Milner TE, Cloutier C, Leger AB, Franklin DW. Inability to activate muscles maximally during 537 
cocontraction and the effect on joint stiffness. Exp Brain Res 107: 293–305, 1995. 538 
58.  Moore IS, Jones AM, Dixon SJ. Mechanisms for improved running economy in beginner runners. Med 539 
Sci Sports Exerc 44: 1756–1763, 2012. 540 
59.  Moore IS, Jones AM, Dixon SJ. Relationship between metabolic cost and muscular coactivation across 541 
running speeds. J Sci Med Sport 17: 671–676, 2014. 542 
60.  Novacheck TF. The biomechanics of running. Gait Posture 7: 77–95, 1998. 543 
61.  Osu R, Franklin DW, Kato H, Gomi H, Domen K, Yoshioka T, Kawato M. Short- and Long-Term 544 
Changes in Joint Co-Contraction Associated With Motor Learning as Revealed From Surface EMG. J 545 
Neurophysiol 88: 991–1004, 2002. 546 
62.  Paavolainen L, Häkkinen K, Hämäläinen I, Nummela A, Rusko H. Explosive-strength training 547 
improves 5-km running time by improving running economy and muscle power. J Appl Physiol 86: 548 
1527–1533, 1999. 549 
63.  Roberts TJ. Contribution of elastic tissues to the mechanics and energetics of muscle function during 550 
movement. J Exp Biol 219: 266–75, 2016. 551 
64.  Roberts TJ, Marsh RL, Weyand PG, Taylor CR. Muscular Force in Running Turkeys: The Economy 552 
of Minimizing Work. Science (80- ) 275: 1113–1115, 1997. 553 
65.  Rubenson J, Lloyd DG, Heliams DB, Besier TF, Fournier PA. Adaptations for economical bipedal 554 
running: the effect of limb structure on three-dimensional joint mechanics. J R Soc Interface 8: 740–755, 555 
2011. 556 
66.  Russell PJ, Croce R V., Swartz EE, Decoster LC. Knee-muscle activation during landings: 557 
Developmental and gender comparisons. Med Sci Sports Exerc 39: 159–169, 2007. 558 
67.  Sale DG. Neural adaptation to resistance training. Med Sci Sports Exerc 20: S135-145, 1988. 559 
68.  Santello M, McDonagh MJN. The control of timing and amplitude of EMG activity in landing 560 
movements in humans. Exp Physiol 83: 857–874, 1998. 561 
69.  Sasaki K, Neptune RR. Differences in muscle function during walking and running at the same speed. J 562 
Biomech 39: 2005–2013, 2006. 563 
70.  Savage T, Fantini C, Brüggemann G-P. A comparison of muscular activation patterns during running 564 
and landing. Br J Sports Med 45: 310–384, 2011. 565 
71.  Schache AG, Brown NAT, Pandy MG. Modulation of work and power by the human lower-limb joints 566 
with increasing steady-state locomotion speed. J Exp Biol 218: 2472–2481, 2015. 567 
72.  Schache AG, Dorn TW, Williams GP, Brown NAT, Pandy MG. Lower-Limb Muscular Strategies for 568 
Increasing Running Speed. J Orthop Sports Phys Ther 44: 813–825, 2014. 569 
73.  Schache AG, Dorn TW, Wrigley T V., Brown NAT, Pandy MG. Stretch and activation of the human 570 
biarticular hamstrings across a range of running speeds. Eur J Appl Physiol 113: 2813–2828, 2013. 571 
74.  Spurrs RW, Murphy AJ, Watsford ML. The effect of plyometric training on distance running 572 
performance. Eur J Appl Physiol 89: 1–7, 2003. 573 
75.  Tam N, Santos-Concejero J, Coetzee DR, Noakes TD, Tucker R. Muscle co-activation and its 574 
influence on running performance and risk of injury in elite Kenyan runners. J Sports Sci 0: 1–7, 2016. 575 
76.  Thoroughman KA, Shadmehr R. Electromyographic correlates of learning an internal model of 576 
reaching movements. J Neurosci 19: 8573–8588, 1999. 577 
77.  Trapp LM, Li L. The efffect of running velocity on different stiffnesses of the knee joint during the 578 
running stance phase. Med Sci Sport Exerc 31: S358, 1999. 579 
78.  Uchida TK, Hicks JL, Dembia CL, Delp SL. Stretching your energetic budget: How tendon 580 
compliance affects the metabolic cost of running. PLoS One 11: 1–19, 2016. 581 
79.  Umberger BR, Martin PE. Mechanical power and efficiency of level walking with different stride 582 
rates. J Exp Biol 210: 3255–3265, 2007. 583 
80.  Williams DS, McClay Davis I, Scholz JP, Hamill J, Buchanan TS. High-arched runners exhibit 584 
increased leg stiffness compared to low-arched runners. Gait Posture 19: 263–269, 2004. 585 
81.  Yang JF, Winter DA. Electromyographic amplitude normalization methods: improving their sensitivity 586 
as diagnostic tools in gait analysis. Arch. Phys. Med. Rehabil. 65: 517–521, 1984. 587 
82.  Yeadon MR, King MA, Forrester SE, Caldwell GE, Pain MTG. The need for muscle co-contraction 588 
prior to a landing. J Biomech 43: 364–369, 2010. 589 
 590 
  591 
Figure captions 592 
 593 
Figure 1. Weekly running mileage of all runners was used to assign them to either a low mileage (<15 km/wk, 594 
n=13) or a high mileage (>45 km/wk, n=13) group. Each bar represents each individual subject’s weekly running 595 
mileage. 596 
 597 
Figure 2. (A) Activation patterns of quadriceps (Rectus Femoris and Vastus Medialis) and hamstrings (Biceps 598 
Femoris and Semitendinosus) from 60 ms before landing to peak knee flexion, for a typical trial of a 599 
representative subject. Where hamstring activation decreases in preparation for landing, quadriceps become 600 
more active and have their maximal activation during stance. (B) Co-activation of quadriceps and hamstrings 601 
was defined by the magnitude of muscle activation, as well as the relative simultaneous activation. The co-602 
activation ratio was highest when all muscles had simultaneous high activation levels. 603 
 604 
Figure 3. (A-B) A typical vertical ground reaction force (GRF) pattern (A) and knee angular velocity trace from 605 
60 ms before initial contact (IC) to toe-off for an exemplar subject running at 5.5 m·s-1 (B). The relationship 606 
between the vertical GRF and knee angular velocity is characterised by the clear change in angular velocity after 607 
the impact force peak. The initial impact phase (which typically lasts 20-40 ms) was defined from IC to peak 608 
knee angular velocity (PKAV). The weight acceptance phase was defined from PKAV to peak knee flexion 609 
(PKF). (C) The slope of the straight line over the first half of stance in the knee moment-angle curve is typically 610 
used as a constant joint stiffness measure. Note that the distinct characteristics of landing are not identified by 611 
this typically adopted knee stiffness calculation method, which assumes the landing to be a single phase and 612 
neglects the passive and active phases characterised by the changes in knee angular velocity. (D) A schematic 613 
stick figure illustrates the changes in knee and ankle angle between IC and PKF . Note that the orientation of the 614 
thigh segment (angle relative to the vertical) does not change during landing, and changes in knee angle are 615 
predominately related to the rotation of the shank. The time between two subsequent sticks is 4 ms.  616 
 617 
Figure 4. Knee joint stiffness calculation for a typical trial of a representative LM (black dashed line) and HM 618 
(grey solid line) runner. Stiffness was defined as the slope of the squared knee angular position (θ) – velocity (ω) 619 
curve. The slopes of the lines from initial contact (IC) to peak knee angular velocity (PKAV) and from PKAV to 620 
peak knee flexion (PKF) represent the stiffness of the knee for the initial impact phase (Kknee1) and the weight 621 
acceptance phase (Kknee2) respectively.  622 
 623 
Figure 5. Muscle activation levels and muscle co-activation for the LM (black dashed line) and HM (grey solid 624 
line) groups with standard deviations at four running speeds, from 60 ms before initial contact (IC; vertical 625 
dashed line) to peak knee flexion. Activation levels for each muscle were normalized to the peak EMG 626 
amplitude of a maximal sprint. Note that differences between groups mainly appeared after IC and increased 627 
with speed, in particular for Rectus Femoris, Vastus Medialis, Semitendinosus and muscle co-activation from 4.5 628 
m·s-1 to 5.5 m·s-1. 629 
 630 
Figure 6. Mean (±SD) normalized muscle activation for the Rectus Femoris (A), Vastus Medialis (B), Biceps 631 
Femoris (C), Semitendiosus (D) and co-activation ratio (E) for the LM (black) and HM (grey) group, during the 632 
pre landing, initial impact and weight acceptance phases of landing across running speeds. Especially during the 633 
initial impact and weight acceptance phases the muscle activation levels showed more increase with speed in LM 634 
runners compared to the HM group. Note the sharp increase of the co-activation ratio in the LM group during in 635 
the initial impact phase from 4.5 m·s-1 to 5.5 m·s-1. 636 
 637 
Figure 7. Mean normalized muscle activations of the Semitendinosus (A) and Rectus Femoris (B), and co-638 
activation ratio (C), at four speeds for LM and HM runners. Semitendinosus and Rectus Femoris muscle 639 
activations progressively increased with running speed in both groups, however, the LM grouped runners 640 
displayed a progressively steeper increase in muscle activation with running speed as compared to the HM 641 
group. A significantly greater magnitude of muscle activation in Semitendinosus and Rectus Femoris was found 642 
between the groups at 5.5 m·s-1. Similarly, the co-activation ratio showed a substantial (but not significant) 643 
increase of 44% in the LM group from 4.5 m·s-1 to 5.5 m·s-1. *Significant difference between groups, P < 0.05. 644 
 645 
Figure 8. Mean muscle activations for the Rectus Femoris (A) and Vastus Medialis (B) between the LM and 646 
HM group for the three phases of landing. Activation levels were averaged across speeds for each separate phase 647 
per group of runners. Quadriceps muscles did not show any differences between groups in activation levels prior 648 
to landing, but LM runners had greater quadriceps activation during the initial impact and weight acceptance 649 
phase. 650 
 651 
Figure 9. Mean Vastus Medialis activation during the three phases of landing for each running speed. Vastus 652 
Medialis activation was averaged across LM and HM runners. Particularly during the initial impact phase Vastus 653 
Medialis activation showed large increases with running speed. *Significant difference between all running 654 
speeds, P < 0.001. †Significant difference between 2.5 m·s-1, 3.5 and 4.5 m·s-1, P < 0.05. 655 
 656 
Figure 10. Knee kinematic and kinetic characteristics for the low mileage (black) and high mileage (grey) 657 
groups for four running speeds. The time from the start of knee flexion (KF) to initial contact (IC) (A), the time 658 
from IC to peak knee angular velocity (PKAV) (B), stance time (C), knee range of motion (D), initial impact 659 
knee stiffness Kknee1 (E), weight acceptance knee stiffness Kknee2 (F), ankle negative work (G) and elastic work 660 
(H), was averaged for each group of runners per running speed. *Significant difference between groups, 661 
†significantly different from 2.5 m·s-1, ‡ significantly different from 3.5 m·s-1, §significantly different from 4.5 662 
m·s-1, P < 0.05. 663 
 664 
Figure 11. Knee angle, angular velocity and angular acceleration curves for the LM (black dashed line) and HM 665 
(grey solid line) across the four running speeds, from 60 ms before initial contact (IC; vertical dashed line) to 666 
peak knee flexion (PKF). Knee flexion before IC and peak knee angular velocity after IC occurred earlier in the 667 
HM runners compared to the LM group. Note that despite the reduced time to PKF with increasing running 668 
speed (as expected) the time to PKAV remained constant across speeds. HM runners showed slightly higher 669 
angular velocities at IC, and rapid changes in angular acceleration after IC (increased magnitude of angular jerk) 670 
across all running speeds.  671 
